, inducing damage to myelin sheaths and oligodendrocytes. Only recently, neuronal structures were reported to be a crucial target in the disease. Here, two-photon microscopy using ion-sensitive dyes revealed that within the complex cellular network of living brain tissue, proteolipid protein (PLP)-specific T cells and T cells recognizing the nonmurine antigen ovalbumin (OVA) directly and independently of the major histocompatibility complex (MHC) contact neurons in which they induce calcium oscillations. T cell contact finally resulted in a lethal increase in neuronal calcium levels. This could be prevented by blocking both perforin and glutamate receptors. For the first time, our data provide direct insight into the activity of T cells in the living brain and their detrimental impact on neurons.
Introduction
The trafficking of encephalitogenic T cells through the brain is regarded as the primary pathogenic event in neuroinflammatory diseases such as multiple sclerosis (Martin et al., 1992; Martino and Hartung, 1999) . T cells encounter their specific antigenic peptide, presented via major histocompatibility complex molecules (MHC), and subsequently attack brain cells. Damage to myelin sheaths and the myelin-forming cell, the oligodendrocyte, has been the main focus of research in autoimmune neuroinflammation (Selmaj and Raine, 1988; Raine, 1997) . Recent findings, however, indicate that damage to axons and their parent cell bodies (Ferguson et al., 1997; Trapp et al., 1998; Smith et al., 2000; Meyer et al., 2001; Peterson et al., 2001; Diestel et al., 2003 ) must now also be considered an important but underestimated pathological event that intriguingly correlates with the clinical course of MS (Coles et al., 1999; Bjartmar et al., 2000) . The current and still limited view on the interaction between T cells and neuronal structures is based on data obtained from histopathological or immunocytochemical studies in postmortem brain tissue or cocultures of T cells with dissociated single-cell cultures (D'Souza et al., 1995; Malipiero et al., 1999; Medana et al., 2000) .
However, the critical issue of the dynamics, sequence, and functional relevance of a direct interaction between T cells and neurons in the course of T cell trafficking through the complex cellular network of living brain parenchyma can only be addressed in an organ culture approach. To that end, we have used two-photon microscopy on living brain slices which, in contrast to dissociated cell cultures, maintain the characteristic organization of all cellular components of the brain (Misgeld and Frotscher, 1982; Hailer et al., 1996; Gahwiler et al., 1997) . Fluorescence-dye-prelabeled T cells were allowed to invade the brain parenchyma and ion-sensitive dyes revealed the functional consequences thereof. In an earlier study, we were already able to show that T cells applied to brain slices could be detected within the parenchyma of that living brain tissue (Gimsa et al., 2000) .
Materials and Methods

Animals and brain slices
All animals were housed under standard laboratory conditions, and the surgical procedures were performed in agreement with the German law (in congruence with 86/609/EEC) on the use of laboratory animals. Briefly, 10-d-old SJL/J (H-2 s ) or B10.PL (H-2 u ) mice were decapitated, brains were removed quickly, and 400-m-thick slices were cut with a Vibratome (NVSLM1; Motorized Advance Vibroslice). Slices were transferred to a thermoregulated recording chamber, which was continuously perfused with aerated (95% O 2 ,5%CO 2 )artificial CSF (ACSF) containing (in mM): NaCl, 124; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; KCl, 3; CaCl 2 , 1.6; MgSO 4 , 1.8 and glucose, 10, pH 7.35. Acute slices were allowed to recover for at least 1 hr at room temperature. Thirty minutes before imaging, slices were loaded with cell-permeable Ca 2ϩ -indicator Fluo-4 (10 M; Molecular Probes, Eugene, OR). For this study 96 acute brain slices from 42 mice were investigated. Slices showing an elevated Ca 2ϩ cell content after incubation with Fluo-4 (four slices) were rejected as artifacts before experiment. Blockade of glutamate receptors was achieved using MK-801, AP-5, and NBQX (all from Sigma, Deisenhofen, Germany) added in final concentrations of 10, 50, 10 M, respectively. The stimulation of glutamate receptors was performed with 10 ML -glutamate (Sigma). Neuronal cell death was assessed by incubation with propidium iodide (Sigma) before fixation as previously described (Gimsa et al., 2000) .
Generation and characterization of encephalitogenic T cells
T cell lines recognizing the proteolipid protein (PLP) epitope 139 -151 or the non-murine protein ovalbumin (OVA) were established in SJL/J mice (Charles-River, Sulzfeld, Germany) as previously described (Brocke et al., 1996) . In brief, female SJL/J mice (6 -8 weeks; Charles-River) were immunized with PLP 139 -151 (purity Ͼ95%; Pepceuticals, Leicester, UK) or OVA (Sigma, Taufkirchen, Germany), and draining lymph node cells were isolated 10 d later. Cells were stimulated with PLP139 -151 (10 g/ml) or OVA for4di ncell culture medium (RPMI 1640 supplemented with 2 mML-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal calf serum), and thereafter washed and kept in cell culture medium supplemented with rhIL-2. This resulted in CD4ϩCD8-CD25ϩCD69ϩCD44ϩ Th-1-like T cell lines releasing IFN-␥ and TNF-␣, but almost no IL-4. The T cells were kept at a concentration of 1-2 ϫ 10 6 cells/ml and restimulated every 14 d using 5-10 g/ml antigen presented on irradiated (3000 rad) syngeneic spleen cells at a ratio of 1/2-1/3 T cells versus antigen-presenting cells (APC). Antigen specificity was routinely checked by standard 3 [H]-thymidine incorporation assays, indicating a specific stimulation index Ͼ10. FACS analysis was performed for CD4 (all antibodies from BD Bioscience, San Jose, CA) and CD8, activation markers CD25 and CD69, and for the memory status CD44. Intracellular analysis was performed for IFN-␥, TNF-␣, and IL-4 after activation with PMA-ionomycin. Cytotoxicity of these T cells was inhibited using the perforin-blocking agent concanamycin A (CMA) at 200 nM (Sigma) (Appay et al., 2002) .
Two-photon microscopy and data analysis
T-lymphocytes and neurons in acute slices were visualized by a two-photon set-up (Leica, Heidelberg, Germany) using an upright microscope equipped with a 20ϫ water-immersion objective (numerical aperture 0.5; Leica). Fluorescent dyes -(((4-choloromethyl) benzoyl) amino) tetramethylrhodamine)] (CMTMR)] were excited simultaneously by a mode-locked Ti-sapphire laser (Tsunami; Spectra-Physics) at wavelength 840 nm. Fluorescence from green (Fluo-4) and red (CMTMR) channels was collected using two external non-descanned detectors. Resulting data from each channel were merged into final two-color images. Three-or four-dimensional (x-y plane, t, or x-y-z plane, t) images (512 ϫ 512 pixels) were acquired from various slice depths (50 -200 m) usually every 5 sec. Images were analyzed off-line using NIH Image J software (version 1.28, W. Rasband). To quantify Ca 2ϩ changes in neurons, the fluorescence intensity in percentage of maximum was calculated for selected regions of interest (ROI) and for a defined time interval. Movie 3A. Glutamate-induced increase of calcium in neurons (without involvement of T cells). Video shows a 10 sec image sequence (see Fig. 3A ).
Movie 3B. Interaction of PLP-specific T cells (red) with hippocampal neurons (green) in living brain tissue. Video shows a 10 sec image sequence (see Fig. 3B ).
Movie 3C. Interaction of PLP-specific T cells (red) with hippocampal neurons (green) in living brain tissue. Video shows a 10 sec image sequence (see Fig. 3C ).
Movie 3H. Visualization of contacts between T cells (red) and a hippocampal neuron (green) in living brain tissue. Video shows z-axis analysis (see Fig. 3H ). Six x-y planes were recorded every 3 minz-direction.
Movie 3I. Interaction of OVA-specific T cells (red) with hippocampal neurons (green) in living brain. Video shows a 10 sec image sequence (see Fig. 3I ).
Movie 4A 
Results
In the present study, PLP-specific as well as OVA-specific T cell lines were generated from SJL mice. Living cortical slices were obtained from SJL/J and B10.PL mice at a thickness of 400 m and transferred into a thermoregulated perfusion chamber for investigation with two-photon microscopy ( Fig. 1) .
In a first set of experiments, the dynamics of T cell trafficking through the intact brain parenchyma were assessed. For that purpose, T cells were labeled with red CMTMR fluorescent dye before their invasion into the living brain slice. Lymphocytes were transferred onto the slice. After 15 min, most of the stimulated T cells either adhered to the slice surface or had already invaded the brain parenchyma (Gimsa et al., 2000) . This was not the case for unstimulated T cells, which were almost never detected within the parenchyma of the brain slice (data not shown). For a time period of up to 3 hr after invasion, cells were continuously (usually every 5 sec) scanned using a Leica two-photon microscope (Fig. 1) . T cell movement could be followed from the surface of the slice deep into the intermediate layer of the tissue, where a well preserved organization of the complex network of the brain parenchyma containing all cellular structures has been demonstrated (Misgeld and Frotscher, 1982) . On the surface of the slice, T cells were numerous and formed large clusters from which single cells began to break out (data not shown). T cells were primarily monitored within the preserved intermediate layer of the slice at a depth of 50 -200 m (Fig. 1) . There, lymphocytes were found in both stationary and moving states, in the latter instance showing an ovoid or peanut-like shape (Fig. 2 A; movie 2A) . Stationary T cells were mostly round (Fig. 2 B, arrow) and often found in clusters showing search-like behavior (Fig. 2 B; movie 2B). Cells leaving clusters initiated their movement as if they were trying to escape, indicated by an amoeboid extrusion of their peripheral cell surface (Fig.  2 B ; movie 2B). Moving cells followed straight paths in a given direction by elongating their body in an "hourglass" manner. Frequently, they stopped suddenly and took a path in the opposite direction (movie 2 A). Moving cells regularly bypassed other stationary or also moving cells in the course of their passage. The velocity of lymphocyte movements depended considerably on slice temperature (Fig.  2C ). Experiments were performed at 22, 28, and 34°C and showed a corresponding increase in velocity from 0.1 m/sec up to 2.5 m/ sec, as well as a significant increase in inter-T cell variability.
So far, T cell-neuronal interaction has only been studied in coculture assays of T cells with dissociated single neurons in which all other cellular components of brain tissue are absent (D'Souza et al., 1995; Malipiero et al., 1999; Medana et al., 2000) . In contrast, we have here taken advantage of a strategy allowing the analysis of the complex network of living brain tissue ex vivo (Gahwiler et al., 1997; Gimsa et al., 2000) . To assess the functional impact of T cell-neuronal interaction in the brain environment, slices were incubated with Fluo-4 (Gee et al., 2000; McDonough et al., 2000) for 30 min and washed before the invasion of T cells (Fig. 1) . In the absence of T cell contact, neuronal cell bodies and their dendritic processes located in the intact intermediate cellular layers CA1 and CA3 of the hippocampus (Fig. 1) (1, 2) within the hippocampal neuronal cell layer induced by contact with PLPspecific T cells. After prolonged contact with a lymphocyte (red), the calcium level as indicated by Fluo-4 labeling remained high (3), indicating maximal activation of neuron with subsequent cell death. Note that only a low Fluo-4 signal is apparent in neurons located in the typical hippocampal cell layer which are devoid of T cell contact, indicating normal calcium levels. D, Increase in fluorescence intensity over time in neuron 2 in C. E, Typical time lapse of fluorescence increase in a neuron that has been contacted by a T cell. After the initial occurrence of calcium transients, which were accompanied by a continuous increase in the basic calcium level in the cell cytoplasm, a persisting and stable maximal calcium level was achieved. F, Propidium iodide labeling of dead nuclei (color-coded blue) after the invasion of T cells and subsequent increase in neuronal calcium concentrations confirmed cell death. G, Quantitative assessment of T cell-neuronal contacts and effects on Ca 2ϩ levels in neurons. H, Three-dimensional image obtained from an x-y-z recording of a Fluo-4-positive neuron (see arrow 1) and its vicinity demonstrates that in the case of neuronal activation without primarily visible cell-cell interaction, an obligatory contact (see arrow 3) of this neuron with lymphocytes (see arrow 2) can be found in other confocal layers (movie 3H). The plot was reconstructed from six x-y planes with a 3 m interval along the z-direction. The total depth monitored was 15 m. I, Oscillation of neurons within the hippocampal neuronal cell layer induced by contact with OVA-specific T cells. Note that neurons that are located in the typical hippocampal cell layer and are devoid of T cell contact show only a low Fluo-4 signal, indicating normal calcium levels.
calcium at physiological levels, as revealed by the low fluorescence of the calciumsensitive dye (Fig. 3A, left, I ). As a positive control, the addition of 10 M glutamate led to a transient increase of the Casensitive dye (Fig. 3A, right; movie 3A) .
After invasion into the neuronal cell layers of the hippocampus, CMTMRlabeled PLP-specific T cells were seen in the close vicinity of neuronal structures ( Fig. 3B; movie 3B ). Some of these T cells got into direct contact with neuronal cell bodies and processes, in most cases the proximal portions of dendrites ( Fig. 3B ; movie 3B). In the case of sustained contact with a neuron, an induction of oscillatory changes in intracellular neuronal calcium concentration could be observed ( Fig. 3C ; movie 3C). We assessed a total of 267 T cells and detected 75 T cell-neuronal contacts (Fig. 3G) . The contact between more than one lymphocyte and one neuron was regarded as one contact. T cell contacts with neuronal cell bodies as well as with dendrites at a distance up to 40 m from the soma were included.
Twenty individual neurons were monitored before and during the entire period of direct contact with a PLP-specific T cell. In this way, we were able to follow changes from the early stage of oscillations to the final increase in fluorescence (Fig. 3 , compare D, E). Calcium concentrations in neurons as indicated by neuronal Fluo-4 staining showed oscillatory changes enforced by T cell contact ( Fig. 3C ; movie 3C). These calcium oscillations, observed on a time scale in the minute range, showed a frequency of 0.04 Ϯ 0.01 Hz (calculated from 20 neurons) and a rise in amplitude up to 80% (Fig. 3D) . In some cases only a single oscillation (20 neurons) or a weak calcium increase (24 neurons) was detected (Fig.  3G) . Over time, a rise in intracellular calcium was observed in neurons with T cell contact, which finally resulted in a stable dye signal (Fig. 3D,E) . As assessed by evaluating the Fluo-4 fluorescence intensity changes in neurons from x-y-t records of brain slices, 58.7% of all contacts led to a stable calcium increase (Fig. 3G) . This was derived from final overview pictures made at the end of each experiment (usually after at least 3 hr). Fluorescence intensity was comparable to that seen in neurons at the surface of the brain slice, an area of tissue severely damaged by the preparation procedure (Misgeld and Frotscher, 1982) . Quantitative assessment based on the high affinity of the Fluo-4 to calcium revealed calcium levels in damaged neurons above 1 M. Although such a stable calcium overload in neurons is indicative of cell death (Choi, 1995; Nicotera and Orrenius, 1998; Yu et al., 2001) , additional experiments were performed to show that neurons adjacent to T cells were dead. Brain slices were stained with the cell death marker propidium iodide (PI) after invasion of encephalitogenic T cells (stained with CFDA), highlighting nuclei (color-coded blue) of dead neurons next to T lymphocytes (Fig. 3F ) . Importantly, three-dimensional analysis using z-axis measurements confirmed that all neurons showing an irreversible increase in calcium levels were in contact with a T cell ( Fig.  3H; movie 3H) . Furthermore, neurons in control slices not cocultured with T cells did not exhibit oscillations or a rise in calcium concentration (Fig. 3A, left) .
We further assessed whether induction of calcium oscillations in neurons could also be achieved in an antigen-independent manner. OVA-specific T cells were also seen in the close vicinity of neuronal structures ( Fig. 3I; movie 3I) . As observed for PLP-specific T cells, in the case of sustained contact with a neuron, a primarily transient increase in intracellular neuronal calcium could be observed ( Fig. 3I ; movie 3I). T cell contact enforced oscillatory changes of calcium concentrations in the neurons, of which 20 individual cells were monitored during the period of direct contact with an OVA-specific T cell ( Fig. 3I ; movie 3I). These calcium oscillations showed kinetics similar to those observed in contact between PLP-specific T cells and neurons. To investigate a dependence of the observed T cellneuronal interactions on the MHC, we applied the CD4ϩ PLPspecific T cells derived from SJL/J mice expressing an H-2 s MHC haplotype onto brain slices derived from B10.PL mice with an H-2 u MHC haplotype. In this MHC mismatch experiment, we also found neuronal calcium oscillations when T cells and neurons were seen in contact with each other (Fig. 4 A; movie 4A) .
Prevention of the calcium overload was achieved by blockade of perforin-mediated cytotoxicity of PLP-specific T cells with concanamycin-A (Appay et al., 2002) (Fig. 4 B,C) . Wash-in experiments, in which the glutamatergic neuronal connectivity in the hippocampus was inhibited using blockers of the different glutamate receptors, further reversed the T cell-induced calcium oscillations and, most importantly, prevented the final and stable increase of calcium. Inhibition of NMDA receptors by MK-801 (Fig. 4 D) and AP-5 (data not shown), and of AMPA-kainate receptors by NBQX (Choi, 1995) (Fig. 4 E) , was effective in protecting neurons from T cell-induced calcium oscillations within a time scale of 500 -1000 sec, and reduced the calcium load by 80%.
Discussion
Here, we present the first analysis of the dynamics of T cells performing their effector function within the complex cellular network of a target organ which is normally devoid of this immune compartment, the brain. Until now, only interactions within the immune system between antigen-presenting cells (APC) and T/B cells occurring in the lymphoid tissue have been studied using modern ex vivo imaging techniques (Bousso et al., 2002; Cahalan et al., 2002; Miller et al., 2002) . Our data provide the first demonstration of searching T cells getting into direct physical contact with the neuronal cell body or its processes in the living brain environment. Most importantly, this interaction could be shown to result in the induction of a persisting calcium overload in neurons, indicative of cell death (Choi, 1995; Nicotera and Orrenius, 1998; Yu et al., 2001) . Thus, for the first time, we provide evidence of direct detrimental effects on neurons by T cells within the parenchyma of living brain tissue.
In the course of a chronic autoimmune reaction such as experimental autoimmune encephalomyelitis (EAE) or MS, activated encephalitogenic CD4ϩ T cells are able to invade the brain parenchyma (Flugel et al., 2001) , where they perform their detrimental actions on unaffected brain cells. Until today, T cell effects in the brain have been studied in fixed material using histological staining techniques or in in vitro systems of T cell-neuronal cocultures. Only recently, these studies indicated that neuronal cell death occurs as a result of encephalitogenic T cell infiltration in the course of multiple sclerosis (Bjartmar et al., 2000; Peterson et al., 2001) or experimental autoimmune encephalomyelitis (Smith et al., 2000) . However, the underlying cellular mechanisms, e.g., the connection between immune cell infiltration and tissue damage in different models of EAE and other neuroinflammatory diseases, are poorly understood. In vitro studies on T cell-neuronal interaction have so far been based on cocultures lacking all other cellular components of CNS tissue such as glial cells (Medana et al., 2000) . Under these conditions, antigenspecific MHC class I-restricted CD8ϩ T cells are able to induce cell death of neurons infected with the corresponding virus. The two-photon imaging of real-time T cell movement through living brain tissue used in the present work reveals behaviors similar to those observed in the lymph node, where T cells search for APC . T cell motility changes from a fast-tracking to a stationary condition, in which T cells form clusters before they swarm out, were also observed in brain slices. This indicates that a search strategy as seen in the lymph node also takes place when T cells transmigrate through the brain parenchyma. During neuroinflammation, it is well established that T cells directed against the myelin component PLP induce damage to myelin sheaths and oligodendrocytes (Raine, 1997) . Our data show that the antigen specificity of invading T cells does not restrict the damage to the source of the antigen, the oligodendrocyte, but that these T cells are able to perform damage to neurons as well. This effect appears to be independent of the antigen and of MHC-restricted antigen presentation, because MHC mismatch did not abrogate it and T cells directed against a nonmurine antigen, OVA, were also able to induce an increase in neuronal calcium. Thus, the T cell-neuronal interactions observed here might be of general relevance for inflammatory CNS diseases, because they may explain damage to CNS cells not necessarily at the site of T cell clusters. In fact, neuronal apoptotic cell death has been observed in experimental meningitis (Braun et al., 1999) . It is conceivable that similar damage mechanisms as found in our study are responsible for this cell death. In contrast, unstimulated T cells did not elicit these effects. As indicated recently in human single-cell cocultures of T cells and neurons and in a delayed-type hypersensitivity (DTH) animal model (Newman et al., 2001; Giuliani et al., 2003) , it appears that stimulation of T cells, independent of their target antigen, enables them to induce neuronal cell death via direct cell-cell contact. Our study provides evidence that in intact brain parenchyma containing neurons and glial cells in an organotypic manner, this collateral damage to neurons induced by T cells can occur if T cells are properly activated.
In single cell cultures, neurons are not properly wired and do not communicate in an in vivo-like manner. This is different in living brain slices, where all components of the brain parenchyma are preserved in a proper network organization ex vivo (Misgeld and Frotscher, 1982; Gahwiler et al., 1997) . In fact, our findings on glutamate receptor blockade indicate that the activity of the neuronal network is critical for the ability of T cells to induce calcium oscillations and eventually calcium overload in neurons. Our data show that direct inhibition of calcium influx via NMDA receptor blockade or indirect inhibition via blockade of depolarizing AMPA-kainate receptors (Choi, 1995) was able to shelter neurons from T cell-induced calcium increase. This is in line with the finding that blockade of AMPA receptors is effective in protecting against neuronal cell death (Smith et al., 2000) and results in reduced axonal loss and subsequent amelioration of EAE (Pitt et al., 2000) . Because the production of excessive amounts of glutamate by T cells themselves is currently only hypothesized (Steinman, 2001) , it is rather conceivable that the activity of the neuronal network, whether it be directly induced via neuronal interaction or indirectly mediated, is critical for the ability of T cells to induce calcium oscillations and eventually calcium overload in neurons. Moreover, it has been shown in vitro that the neurotoxic effects of the secretory granule protein perforin and the granzymes released by cytotoxic T cells could be prevented by NMDA receptor blockade (Malipiero et al., 1999) . Under these conditions, the calcium influx occurs at ϳ40 min after exposure to cytotoxic granules, representing a substantial delay (Malipiero et al., 1999) . In the present study, we could show that inhibition of perforin release from invading T cells was as effective in abolishing calcium oscillations and long-term calcium increase as glutamate receptor blockade. This further argues against glutamate release by immune cells as the reason for the beneficial effect of glutamate receptor blockade in EAE. It rather indicates that during T cell attack, receptor-mediated glutamate toxicity and direct damage by cytotoxic granules are cooperative detrimental events finally leading to calcium overload and cell death (Choi, 1995; Nicotera and Orrenius, 1998; Yu et al., 2001) .
Gaining insight into brain tissue which is attacked by T cells appears to be a timely and important task in the quest for a deeper understanding of the mechanisms involved in the course of neuroinflammation. Two-photon microscopy opens up the opportunity for a novel understanding of T cell behavior in the brain by directly visualizing cell interaction. Indeed, it has become evident using this approach that in addition to the attack on the myelin sheath as the classical hallmark of multiple sclerosis (Raine, 1997) , collateral damage to neurons is induced by T cells as well. These findings support the need for novel therapeutic concepts for protecting neurons from detrimental lymphocyte infiltration of the brain and offer the opportunity to study putative strategies at the level of living cell biology in an organotypic environment.
